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Abstract.-Sound attenuation and velocity in nickel single crystals have been studied as function of frequency (10 to 250 MHz), temperature, strength and direction of external magnetic field along <Ill>, (110> and <loo>, for the three pure wave modes propagating along <loo>. The observed effects are found to be specific for each combination of sound mode and field direction, and especially interesting for the field along (100, which is the hard magnetization direction in Ni. The measured frequency, field, and temperature effects on sound attenuation and velocity can be rationalized in terms of field induced changes of the domain structure.
Earlier studies of magnetoelastic damping in nickel single crystals refer to effects of frequency 11-8/, magnetic field /1,3,5-13/ and temperature /8,9,11,13-15/. The frequency dependence (mainly studied between 10-100 MHz) has been explained by micro-eddy currents-generated by ultrasound set up by magnetoelastically induced changes of magnetization /1,4,5,7,10,13/. The effect of field strength and direction seems more controversial; the pronounced attenuation peaks observed for some combinations of wave mode and field direction have been attributed to the ferroacoustic resonance /8,9,11,12/, magnetoelastic coupling /5,7/ and to internal stress effects /lo/. The decrease in attenuation in zero field with decreasing temperature has been explained by the change in spontaneous magnetization due to the strongly increasing anisotropy energy /16/. The frequency /17-19/, magnetic field /2,18/ and temperature 116/ dependences of wave velocity have also been explained by magnetoelastically induced oscillations of domain walls or magnetic moments inside domains. The present work intends to contribute to the understanding of the magnetoelastic effects in nickel single crystals by combining measurements of field, frequency and temperature dependence of sound attenuation and velocity on a high purity Ni single crystal. 
Specimen #A (diameter 4=14 mm) was cut from a <110> oriented high purity nickel single crystal prepared by the Kristall-Labor of the IFF of the KFA Jalich. The specimen was carefully lapped to a planparallelity and flatness of the endsurfaces within l o ' * cm/cm and to an accuracy of crystallographic orientation <110> within 0.3O. After the first part of measurements a smaller specimen #B (+=6 mm) was trepanated by spark-erosion from sample #A for measurements in a small magnet which was put together with the sample inside a ~e * cryostat. The attenuation measurements (10-250 HHz) were made by the standard pulse echo technique using a M T E C 6000 system. The pure wave modes with propagation vector q [[1101 were used, i.e. the longitudinal wave L, the slow transverse wave T1 (polarization vector cl[0011) and the fast transverse wave T2 (cU ['il~l) . The sound velocity was measured by the pulseoverlap method. The magnetic field was applied perpendicular to the wave propagation direction [I101 and parallel to [0011, [I101 or [I111 which are the hard, medium and easy magnetization direction in Ni. The field direction was accurate within 0.5O (#A) or 2 O (#B). The magnetic induction was changed very slowly with a rate of about 15 G/s (#A) or 38 G/s .(#B). The measurements of field dependence at different temperatures were performed during cooling with 1 K/min. The field dependence of attenuation was measured after full commutation (magnetization and demagnetization of the specimen repeated with inversion of magnetizing current). The measurements in zero field were carried out after AC demagnetization.
I11 -RESULTS
The freauency dependence: The logarithmic decrement 6 for the longitudinal L and transverse T1 waves (for T2 the attenuation was too high to be measured at f>30 MHz) in demagnetized specimen #A as function of frequency is shown in Fig. 1 Hagnetic field d~endenceof..aten"am~.o~: For Hi till I or Li101 the attenuation decreased monotonously with increasing fields. In decreasing field slightly lower a(B) values were observed, both reminding on the smooth behaviour of magnetization as function of field ("magnetic hysteresis loop"). However, for B1[0011 the wave L (Fig. 2 ) became strongly attenuated around 4.5 kG, i.e. on approach to magnetic saturation (-6.5 kc). The same behaviour was observed for T2. The wave TI shows less pronounced effect in this B-range (Fig. 3) . As seen in Figs. 2 and 3, the attenuation during demagnetization is always higher except for the highest B-values in contrast to a(B) behaviour observed for the other field directions. The attenuation peaks are accompanied by corresponding changes in wave velocity (Fig. 4 ) . The peak position Bp as well as the induction BS at which Pa = 0 are independent of frequency. 
Magnetic induction B [ k G 1
Temperature dependence: The effect of temperature on attenuation of specimen #B in difffrent fields is shown in Fig. 5 . With decreasing temperature the attenuation peak also decreases and its position B p shifts towards higher induction values, and BS, the induction needed for ultrasonic saturation, increases considerably. As Fig. 6 shows, the temperature dependence of the peak height comes out to be very close to the temperature dependence of 1/K, where Kq is the magnetoelastic anisotropy constant /15/. Furthermore. as Fig. 7 shows A6 ,, is proportional to l/Bp, i.e. the peak induction. (Fig. 1, wave L) . For D > X or high frequencies the incoherent rotation of magnetization in the domains takes place with a correspondingly high relaxation frequency. We assume that this process gives rise to the increase in a(f) behaviour for the wave L at high frequencies (Fig. 1) . The more complicated a(f) behaviour for the wave T1 reflects nagnetoelastic coupling to walls .and domains considerably different from those "seen" by the wave L.
In the course of magnetization, at low fields first energetically unfavourable 180° domain walls, then at slightly increased fields 71° and 109°walls move out of the sample, i.e. growth of domains with most favourable field energy but still with magnetization along the <Ill> easy magnetization directions takes place. In a single crystal it is the direction of the external magnetic field with respect to sample orientation which determines the sequence of magnetization processes (if influences of internal strain and sample shape are neglectable). In still increasing fields finally the magnetization is rotated out of <Ill> towards the external field direction. We believe that fields of sufficient strength for complete rotation into the field direction have not been applied during the present experiments. Since the magnetoelastic attenuation is caused by magnetostrictivelly induced oscillation of domain walls and magnetization (both damped by induced micro-eddy currents), the disappearance of domain walls results in the generally observed decrease in the attenuation. However, for special field directions, in the present case for H1[0011, the attenuation increases with field up to the sharp maximum at the induction Bp, at which the rotation of magnetization towards the external H direction just commences. Since Bp is observed to be independent of frequency, the peak cannot be associated with ferroacoustic resonance. The observed change in wave velocity with field (Fig. 4) represents a magnetoelastic modulus defect (AE-effect) which also reflects the changes in magnetization, e.g. domain wall motion. The fact that the observed velocity behaviour exactly corresponds to the a(B) behaviour additionally confirms our conclusion that the a(B)-peaks are caused by domain wall motion.
Furthermore, the temperature dependence of attenuation in unmagnetized and magnetized nickel can be explained in terms of domain wall effects. The magnetoelastic damping by domain wall movement is approximately inversely proportional to the 1st order magnetocrystalline anisotropy constant K, which considerably increases with decreasing temperature /15/. This explains the decrease in peak height with decreasing temperature as well as a(T) at zero field (Figs. 5 and 6 ). The shift of the attenuation peak towards higher induction values (Figs. 5 and 7) points to a loss of wall mobility with decreasing T, i.e. increasing K,, in accordance e.g. with other results /9-11/, e.g. the wellknown decrease of the permeability of Hi.
V -CONCLUSIONS
The present results can be explained by phenomena described by the domain wall damping theory. The frequency dependence of attenuation in unmagnetized nickel originates from the oscillation of domain walls and from the rotation of nagnetization vectors, in part incoherent at higher frequency, all damped by micro-eddy currents. The field dependence of attenuation and velocity in a magnetic field along the hard magnetization direction shows a pronounced damping peak and modulus defect that for special combinations of wave mode and field direction is caused by strong magnetoelastic coupling to the wall configuration occurring during rearrangement of the domain structure in the course of magnetization. The temperature dependence of damping in unmagnetized and magnetized Ni as well as the influence of temperature on the height of the damping peak and the induction at which the peak is obseved are explained by the temperature dependence of the anisotropy constant K, via its influence on domain structure and wall mobility.
